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An  aromatic  proton  conductive  polymer,  sulfonated  polyimide  copolymer  membrane,  was  tested  in 
humidity  cycling  under  the  conditions  simulating  fuel  cell  operation.  The  membrane  was  exposed  peri¬ 
odically  (every  2  min)  to  dry  (nominal  0%  relative  humidity)  and  wet  (100%  relative  humidity)  at  80  °C, 
similar  to  the  United  States  Department  of  Energy  (US  DOE)  protocol  for  proton  exchange  membrane  fuel 
cells.  The  membrane  was  durable  for  10,000  cycles  without  mechanical  failure.  Post-test  analyses  by  1H 
NMR  spectra  and  gel  permeation  chromatography  (GPC)  revealed  that  the  membrane  was  hydrolyzed 
to  some  extent  during  the  cycling  test  while  mechanical  properties  and  gas  impermeability  were  only 
slightly  deteriorated. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  attracted  considerable  interest  as  clean  and 
efficient  energy  devices  to  produce  electric  power  via  electro¬ 
chemical  reaction  of  fuels  and  oxidants.  Among  different  kinds 
of  fuel  cells,  polymer  electrolyte  membrane  fuel  cells  (PEMFCs) 
using  proton  exchange  polymer  membranes  are  most  suitable  for 
the  applications  to  portable  devices,  residential  uses,  and  elec¬ 
tric  vehicles  [1,2].  Recent  announcement  by  major  car  companies 
about  the  commercialization  of  fuel  cell  electric  vehicles  as  of 
the  year  of  2015  has  further  prompted  research  and  develop¬ 
ment  of  durable  and  cost-effective  fuel  cell  materials.  One  of 
the  most  important  components  in  PEMFCs  is  proton  exchange 
membranes  (PEMs).  Perfluorosulfonic  acid  (PFSA)  polymers  com¬ 
posed  of  a  perfluorocarbon  polymer  backbone  with  pendant 
perfluorosulfonic  acid  groups  are  state-of-the-art  PEMs  [3,4].  The 
perfluorinated  structure  combined  with  superacid  groups  provides 
excellent  chemical  stability  as  well  as  high  proton  conductivity. 
Elowever,  the  high  production  cost  and  environmental  incom¬ 
patibility  remain  issues  for  such  perfluorinated  materials.  Due  to 
the  synthetic  complexity  and  difficulty,  suppliers  are  very  lim¬ 
ited;  Nation  of  Du  Pont,  Aciplex  of  Asahi  Kasei,  Flemion  of  Asahi 
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Glass,  and  Aquivion  of  Solvay  Solexis.  It  is  strongly  desired  to 
develop  highly  proton  conductive  and  durable  PEMs  free  from 
fluorine. 

Elydrocarbon  polymers  with  acidic  functions  have  been  inves¬ 
tigated  as  alternative  PEMs  [5,6].  Especially,  sulfonated  aromatic 
polymers  have  been  extensively  explored  in  the  last  decade.  Sul¬ 
fonated  polyimide  (SPI)  copolymers  are  among  them.  A  number 
of  research  works  have  been  conducted  to  optimize  their  chem¬ 
ical  structure  to  fulfill  the  requirements  as  PEMs  for  fuel  cells 
[7-14].  The  parameters  often  considered  include  hydrophilicity 
and  hydrophobicity  of  the  comonomers,  basicity  and  linearity  of 
diamine  monomers,  copolymer  composition,  and  sequenced  block 
structure.  Advantages  of  SPI  membranes  are  very  low  gas  per¬ 
meability  and  high  mechanical  strength,  and  disadvantages  are 
significant  dependence  of  the  proton  conductivity  on  humidity  and 
susceptibility  to  hydrolytic  and  oxidative  degradation.  Since  SPIs 
are  generally  much  more  hygroscopic  and  absorb  more  water  com¬ 
pared  to  the  PFSAs,  mechanical  durability  could  be  an  issue  under 
practical  fuel  cell  operating  conditions,  where  frequent  humidity 
changes  are  involved.  High  Young’s  modulus  of  SPI  membranes  may 
cause  high  stress  when  hydrated. 

We  have  reported  that  heterocyclic  groups  could  improve  the 
properties  of  SPI  membranes.  Triazole-containing  SPI-8  mem¬ 
branes  (see  Fig.  1  for  chemical  structure)  showed  better  water 
affinity  and  thus  higher  proton  conductivity  particularly  at  low 
humidity  (or  at  low  water  content)  compared  to  those  of  the  con¬ 
ventional  SPI  copolymer  membranes  [15,16].  The  SPI-8  membrane 
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Fig.  1.  Chemical  structure  of  sulfonated  polyimide  copolymer  (SPI-8). 


was  operable  for  5000  h  in  hydrogen/air  fuel  cells  at  a  constant 
current  density  of  200  mA  cm-2  under  high  and  low  humidity 
conditions  [17,18].  Chemical  degradation  was  confirmed  in  the 
post-test  membranes,  however  the  degradation  was  not  significant 
because  of  very  low  gas  permeability  of  the  SPI-8  membranes  and 
small  changes  of  the  water  content  in  the  membranes  during  the 
operation. 

The  objective  of  the  present  research  is  to  evaluate  the  durability 
of  our  SPI-8  membrane  in  humidity  cycling  test,  in  which  the  mem¬ 
brane  is  exposed  periodically  to  dry  (0%  RH)  and  fully  humidified 
(100%  RH)  conditions  [19-21].  In  the  literature,  there  have  been  a 
few  reports  on  the  durability  of  hydrocarbon  ionomer  membranes 
in  humidity  cycling  [22,23  ].  The  experimental  cell  used  in  this  study 
was  the  same  as  for  practical  fuel  cells  and  the  conditions  were  sim¬ 
ilar  to  the  United  States  Department  of  Energy  (US  DOE)  protocols 
[24]  while  some  minor  alternations  were  needed.  Durability  of  the 
membrane  was  monitored  by  hydrogen  permeation  through  the 
membrane.  Post-test  analyses  by  1 H  NMR  spectra  and  molecular 
weight  measurements  were  also  carried  out. 


2.  Experimental 

2.1.  Materials 

Triazole-containing  sulfonated  polyimides  (SPI-8)  were  synthe¬ 
sized  according  to  the  literature  [15].  Five  SPI-8  polymers  with 
different  degree  of  polymerization  (molecular  weight)  were  pre¬ 
pared  by  changing  the  comonomer  ratios.  Membranes  in  acid  form 
were  obtained  by  casting  the  SPI-8  solution  in  m-cresol,  of  which 
thickness  was  adjusted  to  be  ca.  25  [xm. 


2.2.  Measurements 

Molecular  weight  measurement  was  performed  via  gel  perme¬ 
ation  chromatography  (GPC)  equipped  with  two  Shodex  KF-805 
columns  and  a  Jasco  875  UV  detector  set  at  270  nm.  N,N- 
Dimethylformamide  (DMF)  containing  0.01  M  LiBr  was  used  as  the 
eluent  at  a  flow  rate  of  1.0  mL  min-1.  Mw  and  Mn  were  calibrated 
with  standard  polystyrene  samples.  Tensile  strength  was  measured 
by  a  Shimadzu  AGS-J  500N  universal  test  machine  attached  with 
a  Toshin  Kogyo  Bethel-3A  temperature  and  humidity  controllable 
chamber.  Stress  versus  strain  (SS)  curves  were  obtained  for  samples 
cut  into  a  dumbbell  shape  (DIN-53504-S3,  35  mm  x  6  mm  (total) 
and  1 2  mm  x  2  mm  (test  area)).  Measurement  was  conducted  at 
85  °C  and  93%  RH  at  a  stretching  speed  of  10  mm  min-1.  Repro¬ 
ducibility  of  SS  curves  was  confirmed  for  each  sample  by  repeating 
the  measurement  at  least  twice.  The  error  in  maximum  stress  and 
maximum  strain  was  within  5%  for  all  the  tested  samples.  1H  NMR 
spectra  were  obtained  on  a  JEOL  JNM-ECA  500  using  deuterated 
dimethyl  sulfoxide  (DMSO-dg)  as  the  solvent  and  tetramethylsilane 
(TMS)  as  the  internal  reference,  respectively. 


2.3.  Humidity  cycling  test 

The  SPI-8  membrane  was  sandwiched  by  two  gas  diffusion  lay¬ 
ers  (GDLs,  SGL  Carbon  Group  Co.,  Ltd.,  25BCH)  and  mounted  into 
a  single  cell  apparatus  (Japan  Automobile  Research  Institute  (JARI) 
standard  cell)  consisting  of  two  carbon  separator  plates  with  sin¬ 
gle  serpentine  flow  fields.  The  size  of  the  membrane  contacting 
with  the  GDLs  was  50  mm  x  50  mm.  The  membrane  with  GDLs 
was  compressed  at  lOkgfcm-2  in  the  cell  to  ensure  gas  tight. 
The  cell  was  operated  at  80  °C  flowing  hydrogen  into  one  side 
and  argon  into  the  other  side  at  a  flow  rate  of  lOOmLmin-1, 
respectively.  Humidity  cycling  was  performed  by  alternating  flow 
of  dry  (0%  RH)  gases  for  2  min  and  fully  humidified  (100%  RH) 
gases  for  2  min,  respectively.  The  humidities  were  monitored  by 
a  hygrometer  placed  at  the  inlet  of  the  cell.  The  concentration  of 
hydrogen  permeated  through  the  membrane  was  quantified  with 
a  Shimadzu  GC-8A  gas  chromatography  equipped  with  a  ther¬ 
mal  conductivity  detector.  The  hydrogen  permeability  coefficient  Q. 
(cm3  (STD)  cm  cm-2  s-1  cmHg-1)  was  calculated  according  to  the 
following  equations; 

^  273  1  n  1  .  1 

Q  =  — — —  x-xBx-x  x  — 

^  T  A  t  76 

where  T(K)  is  the  absolute  temperature  of  cell,  A  (cm2 )  is  the  perme¬ 
ation  area,  B  (cm3)  is  the  volume  of  the  test  gas  permeated  through 
the  membrane,  t  ( s)  is  the  sampling  time  and  l  (cm)  is  the  thickness 
of  the  membrane. 

3.  Results  and  discussion 

3.1.  Mechanical  strength  of  the  SPI-8  membranes 

Unlike  PFSA  membranes,  which  may  fail  mechanically  but 
not  degrade  chemically  in  humidity  cycling,  SPI  membranes  are 
more  prone  to  degrade  chemically  (or  depolymerize)  via  hydrol¬ 
ysis  [15].  We  therefore  first  clarified  the  relationship  between 
molecular  weight  and  mechanical  strength  in  SPI-8  membranes. 
Five  SPI-8  copolymers  with  different  molecular  weight  were  syn¬ 
thesized  via  polycondensation  reaction  of  3,3r-bis(sulfopropoxy)- 
4,4'-diaminobiphenyl  (BSPA),  3, 5-bis(4-aminophenyl)-lH-l, 2,4- 
triazole  (APTAZ),  and  1,4,5,8-naphthalenetetracarboxylic  dianhy¬ 
dride  (TCND)  [15].  Controlled  excess  of  TCND  provided  SPI-8 
copolymers  with  Mn  =  42-122  kDa  and  Mw  =  119-321  kDa  (Table  1), 
as  estimated  by  gel  permeation  chromatography  (GPC)  analyses. 
The  polydispersity  index  (PDI  =  Mw/Mn)  values  were  in  the  range  of 
2.4-2.8,  typical  for  step  growth  polycondensation  polymers.  The 
degree  of  polymerization  (n),  defined  as  Mn  divided  by  average 
molecular  weight  per  repeat  unit,  was  calculated  to  be  65,  75, 112, 
1 54,  and  1 88,  respectively.  The  SPI-8s  were  soluble  in  polar  organic 
solvents  such  as  m-cresol  and  dimethyl  sulfoxide  (DMSO).  Casting 
from  m-cresol  solutions  provided  brown  and  transparent  mem¬ 
branes.  The  membranes  were  bendable  and  ductile  even  from  the 
lowest  molecular  weight  SPI-8(65). 
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Table  1 

Molecular  weight  and  mechanical  properties  of  SPI-8  copolymer  membranes  used 
in  this  study. 


Polymer3 

Mw(103) 

Mn(103) 

PDIb 

Maximum  stress0 
(MPa) 

Maximum  strain0 

(%) 

SPI-8(65) 

119 

42 

2.8 

21 

3 

SPI-8(75) 

135 

49 

2.8 

25 

5 

SPI-8(112) 

177 

73 

2.4 

21 

8 

SPI-8(154) 

266 

100 

2.7 

27 

12 

SPI-8(188) 

321 

122 

2.6 

31 

16 

a  Degree  of  polymerization  based  on  Mn  in  parenthesis. 
b  Polydispersity  index  (=MW/Mn). 
c  Measured  at  85  °C  and  93%  RH. 


Mechanical  properties  of  the  SPI-8  membranes  were  evaluated 
by  tensile  strength  measurement  at  85  °C  and  93%  RH.  The  obtained 
SS  curves  are  summarized  in  Fig.  2.  A  general  trend  was,  as  expected, 
that  the  higher  molecular  weight  SPI-8  membranes  showed  better 
mechanical  stability  with  higher  maximum  stress  (at  break  point) 
and  longer  maximum  strain.  The  maximum  stress  and  strain  of  SPI- 
8(188)  membrane  were  31  MPa  and  16%,  respectively.  There  were 
approximate  linear  relationships  between  the  degree  of  polymer¬ 
ization  and  the  maximum  stress/strain  values  as  shown  in  Fig.  3. 
This  is  a  useful  finding  since  one  can  predict  mechanical  properties 
of  the  SPI-8  membranes  from  their  molecular  weight  data. 

3.2.  Humidity  cycling  test 

Humidity  cycling  test  of  SPI-8  membrane  was  carried  out 
at  80  °C,  simulating  the  practical  fuel  cell  operating  conditions. 
The  US  DOE  protocol  [24]  suggests  90  °C  (ca.  150%  RH)  for  dew 
point  of  the  wet  gas  to  ensure  fully  hydrated  state  of  mem¬ 
branes.  It  would  require  considerably  high  flow  rate  of  dry  gas 
(higher  than  several  litters  per  min)  to  remove  dew  water  and 
to  dry  membranes  within  a  short  period  of  time.  We  set  at  80  °C 
(100%  RH)  for  the  dew  point  to  enable  short  cycling  period  (4  min 
per  cycle)  with  reasonable  gas  flow  rate  (lOOmLmin-1).  SPI- 
8(112)  of  middle  molecular  weight  was  chosen  for  the  test.  In 
Fig.  4  are  shown  changes  in  relative  humidity  (RH)  and  H2  per¬ 
meability  coefficient  during  humidity  cycling  test  of  the  SPI-8 
membrane.  The  humidities  of  dry  and  wet  gases  were  constant 
at  0%  RH  and  100%  RH,  respectively,  as  confirmed  by  a  hygrom¬ 
eter  placed  at  the  inlet  of  the  cell.  The  dry  and  wet  conditions 
were  maintained  during  10,000  cycles  of  the  test.  The  initial  val¬ 
ues  of  the  hydrogen  permeability  coefficient  were  1 .0  x  1 0-10  (dry) 
and  7.2  x  1 0-9  (wet)  cm3  (STD)  cm  cm-2  s-1  cm  Hg-1 ,  which  were 
approximately  corresponding  to  the  values,  4.6  x  1 0_1°  (0%  RH)  and 
1 .0  x  1 0-9  (90%  RH)  cm3  (STD)  cm  cm-2  s-1  cm  Hg-1 ,  obtained  with 


Fig.  2.  Stress  versus  strain  (SS)  curves  of  SPI-8  membranes  at  85  °C  and  93%  RH. 


0  50  100  150  200 

Degree  of  polymerization  (n) 


Fig.  3.  (a)  Maximum  stress  and  (b)  maximum  strain  of  SPI-8  membranes  as  a  func¬ 
tion  of  degree  of  polymerization  (n). 


a  different  gas  permeability  apparatus  [15].  The  results  imply  that 
the  membrane  is  equilibrated  with  dry  and  wet  conditions  even  in 
a  shortened  period  of  cycling  period.  The  permeability  coefficients 
increased  during  the  cycling  test,  and  reached  1.9  xlO-9  (dry) 
and  1 .9  x  1 0-8  (wet)  cm3  (STD)  cm  cm-2  s-1  cm  Hg-1  after  10,000 
cycles.  The  measurement  had  to  be  discontinued  at  the  cycle  num¬ 
bers  of  1450  and  3810  due  to  the  inevitable  loss  of  electric  power 
supply,  which  caused  sudden  drop  and  increase  of  the  permeabil¬ 
ity.  We  have  concluded  that  while  the  SPI-8  membrane  showed 
minor  increases  in  the  H2  permeability  coefficient,  the  degrada¬ 
tion  was  not  significant  without  mechanical  failure  and  pinholes. 
The  results  are  rather  surprising  taking  large  water  uptake  (43  wt.% 
at  80%  RH  and  80  °C)  and  swelling  of  SPI-8  membrane  [15].  SPI-8 
membrane  shows  anisotropic  swelling  (ca.  3%  in  in-plane  direc¬ 
tion  and  ca.  210%  in  through-plane  direction  in  water  at  30  °C), 
which  would  be  accountable  for  the  durability  in  humidity  cycling. 
The  humidity  cycling  test  was  stopped  at  the  cycle  number  of 
10,370  to  investigate  the  chemical  and  physical  degradation  of  the 
membrane. 


rox  o  2000  4000  6000  8000  10000 


^  Number  of  cycles 

Fig.  4.  H2  permeability  coefficient  and  relative  humidity  (RH)  during  humidity 
cycling  test  of  SPI-8(112)  membrane  at  80  °C. 
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Fig.  5.  1 H  NMR  spectra  of  SPI-8(1 12),  (a)  pristine  and  (b)  post-test  samples. 


3.3.  Post-test  analyses  of  the  SPI-8  membrane 

The  cell  was  disassembled  and  the  post-test  membrane  was 
recovered  by  removing  the  two  gas  diffusion  layers  (GDLs)  care¬ 
fully.  The  chemical  degradation  was  investigated  by  NMR 
spectra.  In  Fig.  5  are  compared  NMR  spectra  of  pristine 
and  post-test  SPI-8  membrane  in  deuterated  dimethyl  sulfoxide 
(DMSO-de)  solution.  The  most  significant  differences  were  the 
peaks  at  6.9-7. 7  ppm  of  aromatic  protons.  The  sharp  three  peaks 
appeared  in  the  post-test  sample  were  assigned  to  the  hydroxyl- 
substituted  phenylene  rings  attached  to  the  imide  groups  (Fig.  6a), 
which  suggested  that  some  sulfopropoxy  groups  of  the  side  chains 
were  lost  via  hydrolysis.  The  ion  exchange  capacity  (IEC)  of  the  post¬ 
test  membrane  was  calculated  to  be  2.1 9  meq  g-1  from  the  integral 
ratio  of  the  peaks,  which  was  11%  lower  than  that  (2.46  meq  g-1) 
of  the  pristine  membrane.  The  post-test  sample  showed  wide  mul¬ 
tiple  peaks  at  7.0-7. 7  ppm  due  to  the  main  chain  degradation  to 
provide  amic  acid  structure  (Fig.  6b)  [25].  A  small  shoulder  around 
8.6  ppm  implied  the  formation  of  naphthyl  dicarboxylic  acids  via 


Fig.  7.  GPC  curves  of  SPI-8(112),  (a)  pristine  and  (b)  post-test  samples. 


further  hydrolysis  of  amic  acid  groups  and  the  main  chain  scission 
(Fig.  6c)  [26]. 

The  degradation  of  SPI-8  was  further  confirmed  by  GPC  analy¬ 
ses.  The  GPC  profiles  in  Fig.  7  suggested  that  the  post-test  sample 
was  of  lower  molecular  weight  than  the  pristine  sample.  The 
results  are  reasonable  since  both  main  chain  and  side  degrada¬ 
tions  should  cause  lower  apparent  molecular  weight.  Molecular 
weight  of  the  post-test  sample  was  calculated  to  be  Mw  =  100  kDa 
and  Mn  =  43  kDa  (n  =  66).  The  loss  of  molecular  weight  was  ca.  40%. 
While  tensile  strength  measurement  of  the  post-test  membrane 
was  not  practically  possible  due  to  the  physical  damages  when 
removing  GDLs,  the  approximate  linear  relationships  between 
molecular  weight  and  maximum  strain/stress  in  Fig.  3  enabled 
us  to  estimate  the  mechanical  properties  (the  degraded  products 
do  not  have  the  same  molecular  structure  as  the  pristine  mem¬ 
brane,  however,  the  differences  are  rather  minor  at  the  end  groups 
and  hydroxyl  groups  and  would  not  have  significant  effect  on  the 
GPC  analyses).  Dashed  lines  gave  3%  of  the  maximum  strain  and 
21  MPa  of  the  maximum  stress.  The  post-test  SPI-8  membrane  was 
assumed  to  retain  high  mechanical  strength  to  suppress  hydrogen 
permeation. 


4.  Conclusions 

Durability  of  a  non-fluorinated  aromatic  ionomer  (sulfonated 
polyimide)  membrane  in  humidity  cycling  has  tested  for  fuel  cell 
applications.  The  sulfonated  polyimide  copolymer  membrane  was 
durable  during  10,000  wet/dry  cycles  without  mechanical  failure 
but  with  minor  increase  in  hydrogen  permeability.  The  hydrolytic 
degradation  was  confirmed  with  the  post-test  membrane  by  1H 
NMR  and  GPC  analyses.  The  loss  of  ionic  groups  and  molecu¬ 
lar  weight  was  11%  and  40%,  respectively.  Despite  the  hydrolytic 
degradation  both  in  the  main  and  the  side  chains,  the  sulfonated 
polyimide  membrane  retained  high  mechanical  strength  to  have 
low  hydrogen  permeability.  The  anisotropic  swelling  behavior 
would  be  part  of  the  reason  for  the  high  durability  of  the  SPI-8 
membrane  in  humidity  cycling. 
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